Objective: In animal models of hypertrophy, electrical remodeling giving rise to QT prolongation occurs rapidly and is associated with the development of torsade de pointes (TdP) arrhythmias and sudden death. Chronic AV block (CAVB)-induced hypertrophy in dogs has been associated with a reduction in the slow component (I ) of the delayed rectifier potassium current (I ), which contributes to a Ks K prolongation of ventricular repolarization, the development of an acquired form of long QT, and the substrate for triggered activity and TdP. The present study was designed to probe the molecular basis for the decrease in I by studying the characteristics of KCNE1 and Ks KCNQ1, the putative genes responsible for formation of the channel. Methods and Results: Using a combination of Northern blot, competitive multiplex PCR and immunoblot assays, we found that CAVB reduces KCNE1 and KCNQ1 RNA in the canine ventricles by 70 and 80%, respectively. Protein levels of KCNE1 and KCNQ1 were reduced by 60 and 50%, respectively. We also demonstrate at the molecular level the basis for inter-ventricular difference in I density previously reported in hearts of normal dogs and show the basis for 
C oordinated down-regulation of KCNQ1 and KCNE1 expression contributes to reduction of I in canine hypertrophied hearts b , * A. Iodice , G.P. Thomas , C. Antzelevitch , R. Dumaine larger in RV [9] [10] [11] [12] . Reduction of I density during DNA templates for the KCNQ1 (517 bp) and KCNE1 (99 Ks CAVB [13] may contribute to an increase in inter-ventricubp) probes were generated from a dog cDNA library by lar and transmural dispersion of repolarization, potential PCR using primers with homologous sequence in human, indices [14] for the development of torsade de pointes [5] .
Xenopus laevis, mouse and rat. Each amplicon was seThe I channel is formed by the association of the quenced and ligated into the PCR-Script AMP SK(1) Ks KCNQ1 and KCNE1 gene products [15, 16] ; one or both expression vector (Stratagene, Menasha, WI). The cDNA are involved in LQT1, LQT5 and Jervell-Lange-Nielsen probes were then amplified by PCR and radioactively 32 forms of congenital long QT syndrome (LQTS) [17] . The labeled by incorporation of trace amounts of [a -P]dCTP. molecular basis for the inter-ventricular distribution of I Total RNA was extracted using the TRIZOL Total RNA Ks and its reduction during CAVB is unknown. In this study extraction kit (Gibco BRL Life Technologies, MD) acwe examine the hypothesis that the inter-ventricular discording to the manufacturer's protocol. The quality and tribution of I in sinus rhythm dogs and its reduction in quantity of RNA were, respectively, assessed by visual Ks density during CAVB are linked to altered expression of inspection on denaturing gels and measured by optical either KCNQ1, KCNE1 or both genes. density (OD) reading at 260 and 280 nm. Total RNA (20 mg / lane) was fractionated on a 1% denaturing agarose gel and transferred to a nitro-cellulose membrane (Hybond 1 NX , Amersham, Piscataway, NJ) for hybridization with 2 . Methods the KCNQ1 and KCNE1 probes, respectively. Radio- 32 labeled 18S rRNA ([a-P]dCTP) was used as loading At three time points (sinus rate, and at the idioventricucontrol. Blots were pre-hybridized (blocked) with salmon 7 lar rhythm at acute and 4-6 weeks chronic AV block), a sperm ssDNA. Probes were diluted to an activity of 10 six-lead surface ECG was serially recorded together with cpm / ml and allowed to hybridize on the membrane at two endocardially placed monophasic action potential 57-60 8C overnight. Blots were exposed to a phosphor catheters. To correct for the slowing of the heart rate, the screen for 3-4 days and analyzed on a phosphor imager anesthetised, adult mongrel dogs (20-40 kg) were paced at (Kodak, NJ). Following analysis of the first hybridization AAVB and CAVB at a cycle length which was comparable (KCNQ1), blots were stripped and re-probed for KCNE1 to the cycle length of the previous sinus rhythm. For RNA. details about placement of the MAP catheters and the analysis of the signals, we refer to previous publications [2, 5] .
.2. Competitive multiplex RT-PCR
The average area of the cardiac myocytes was obtained under brightfield microscopy by measuring the width and Cardiac tissue (2 mg) was dissected from the base of the the length of rod shape myocytes.
anterior wall of each ventricle. Total RNA was extracted as Complete AV block was produced by injection of 37% described above and reverse transcribed (RT) using formaldehyde into the AV groove. Details of the procedure Superscript II (Gibco BRL, Gaithersburg, MD) according were previously described [2, 5] . All animals were euthanto the manufacturer's protocol. Yields were quantified by ized by pentobarbital injection and the hearts were rapidly OD and gel densitometry. A fragment of v-erB (viral 260 / 280 excised and placed in a cold cardioplegic solution [18] . erB) was amplified with composite primers having short Dogs had AV block for 102640 days before euthanasia.
segments of the NH and COOH termini of KCNE1 or 3 Tissue or biopsies were snap frozen in liquid nitrogen and KCNQ1 to yield a competitive DNA fragment (MIMIC) stored at 270 8C if RNA extraction or protein isolation with terminal sequences identical to their respective target was not immediately performed.
genes. MIMIC was used as an exogenous non-homologue All procedures were performed in accordance with the internal standard to compete with the target genes KCNQ1 Guiding Principles in the Care and Use of Animals as and KCNE1. MIMIC and target genes were amplified approved by the American Physiological Society and the using 2 mg of RT-DNA mixed with 5 ml of MIMIC Guide for the Care and Use of Laboratory Animals (NIH dilutions in 10-fold increments from 100 amol, Pfu DNA Publication 85-23, revised 1996) with the approval of the polymerase and dNTPs containing 0.01% of digoxigenin Committee for Experiments on Animals of Maastricht and (DIG) labeled dTTPs. PCR products were transferred to a the Masonic Medical Research Institutional Animal Care positively charged nylon membrane for quantitative assay. and Use Committee.
The signal was detected using FAB fragments from sheep anti-digoxigenin antibodies conjugated with alkaline phosphatase (AP) and the chemiluminescent AP substrate CDP-2 .1. Northern blots star (Boehringer-Mannheim, Germany). Membranes were exposed to X-ray films and the density of each band was Transmural RV and LV biopsies from CAVB and control measured using an EDC scanning densitometer (Helena dogs were taken from the middle portion of each ventricle.
Labs, Fort Worth, TX).
.3. Cell dissociation
peptides. Abs were affinity purified on antigen Sephadex columns and their titer was determined by ELISA. Cardiac myocytes were dissociated from the left ventriTotal cell and tissue proteins were isolated out of the cles of adult mongrel dogs as previously described [18] . were obtained by standard sucrose gradient centrifugation. 4 2 0.5 CaCl , 1.5% BSA and stored at 4 8C for 1-3 h. In Briefly, tissues were snap frozen in liquid N and pulver- 2 2 instances where the yield of viable cells was low, the ized using a mortar and pestle. Tissue powder (1 g) was fraction was enriched by purification on a Percoll gradient homogenized in buffer containing: HEPES (4 mM) pH 7.0, as previously described [19] .
sucrose (320 mM), Pefabloc SC (0.2 mM), pepstatin A (1 mg / ml), leupeptin (1 mg / ml), aprotinin (1 mg / ml), ben-2 .3.1. Electrophysiological recordings zamidine (100 mg / ml) and calpain inhibitors I and II (8 For patch clamp recordings in whole cell configuration, mg / ml each) and centrifuged at 20003g for 10 min to cells were placed in the perfusion chamber of an inverted remove debris. The supernatant was set aside and the pellet microscope and superfused with Tyrode solution conwas resuspended in fresh buffer, re-homogenized and spun taining E-4031 (5 mM), a specific I blocker [20, 21] Ponceau staining of the PVDF membrane following semidry transfer.
.4. Cryosectioning
The proteins of interest were detected by a secondary goat anti-rabbit Ab conjugated to alkaline phosphatase Thin slices from the heart ventricles were dissected out (AP) and enzymatic reaction with the chemiluminescent and immediately placed for 10 min in a relaxing Ca-free AP substrate CDP-Star (NEN, Boston, MA). Blots were Tyrode solution at 4 8C containing (in mM): NaCl, 130; exposed to X-ray films and each band intensity was KCl,10; CaCl, 0.2; MgCl, 2; HEPES, 10. The bathing measured using an EDC scanning densitometer (Helena solution was then supplemented with 5 mM caffeine and Labs, Fort Worth, TX). the tissue was allowed to relax for another 15 min. Tissues were then cryoprotected by incubating the slices for 4-8 h 2 .6. Statistics in the relaxing solution supplemented by 25% (w / v) sucrose. The slices were then quickly rinsed in Ca-free Statistical significance was assessed with the KruskalTyrode, placed in cryogenic cassettes, dipped in liquid Wallis test for non-parametric ANOVA. A level of P,0.05 nitrogen for 2-4 min and stored at 280 8C. Sectioning (15 was considered significant. mm) of the tissue block was performed on a Leitz 1720 Digital Kryostat (Leica Microsystems, NJ) according to the manufacturer's instructions. Hematoxylin-eosin stain-3 . Results ing followed standard clinical procedures.
We initially monitored electrophysiological parameters 2 .5. Immunoblots in vivo during the adaptation of the canine heart to AV block. Fig. 1 shows that when paced at a cycle length of Polyclonal antibodies (Ab) against the epitopes 600 ms, the QT interval significantly prolonged as the SVSEKSKDRGSNTIG and YIRSKKLEHSHDPFN in the heart adapted (32 days of CAVB). Monophasic action COOH termini of KCNQ1 and KCNE1, respectively, were potential recordings showed concomitant prolongation of raised in rabbits by intramuscular injection of a 50:50 LV and RV APD and revealed an average increase in mixture of eight branch multiple antigenic peptides (MAP) inter-ventricular dispersion of repolarization from 20615 and keyhole limpet hemocyanin (KLH) conjugated linear to 45630 ms (Table 1) . With each dog serving as its own shows that our probes detected a 3.2-and 0.4-kb band corresponding to the size expected for KCNQ1 (3.2 kb) control, chronic AV block significantly increased QTc [15] and KCNE1 (0.39 kb) [23, 24] RNA, respectively. In interval (limb leads) from 285633 ms in sinus rhythm biopsies from three SR dogs, the relative intensity of the (SR) to 366657 ms (Table 1) . Structurally, the heart to bands for KCNQ1 and KCNE1 was similar in RV and LV. body weight ratio (g / kg) increased (data6S.D.) from CAVB decreased the KCNQ1 RNA signal by 35610% (vs. 7.761.2 (n515) in SR [2] to 11.561.4 (n510) after SR) in RV and by 38620% in LV (Fig. 4B) . KCNE1 RNA CAVB. Hypertrophy was also evidenced by a thickening of was reduced by 6368 and 46627% (vs. SR) in LV and RV, the left ventricle (Fig. 2) , resulting from an increase in the respectively, following CAVB (Fig. 4C ). We observed 2 average size of myocardial myocytes from 3381681 mm large inter-sample variations in the amount of transcripts 2 (n51166) to 47536155 mm (n5387, P,0.001). within the small number of biopsies performed (n53). We Previous studies [13] have shown CAVB to be associattributed part of the variation to the low sensitivity of the ated with a reduction in I density in both ventricles. A Northern blot assay, the inherent normalization process Ks Table 1 Electrophysiological parameters during sinus rhythm (SR) and chronic AV block (CAVB) SR  6016114  6765  250640  231632  210634  20615  285633  218635  CAVB  13396263  86613  396659  358657  313646  46628  366657  280655 Paired electrophysiological parameters were obtained from the same dogs in sinus rhythm (SR) just before AV block (SR) and after 3718 days of chronic AV block (CAVB) (n510). Each dog served as its own control. QT and JT intervals were corrected (QTc and JTc) using the van de Water method [40] . APD, action potential duration at 100% repolarization from MAP recordings (Fig. 1) ; DAPD, difference between LV and RV action potential duration. RR and QT intervals have their standard clinical meanings. All data (6S.D.) are expressed in ms and were significantly increased (P,0.05) after CAVB (unpaired t-test). needed to obtain semi quantitative data and anatomical variations linked to the location of the biopsies. To more accurately determine differences in mRNA, we performed multiplex RT-PCR (Fig. 5) . This method was favored over RNAse protection assay because of its better 5B), no genomic DNA was amplified from the RNA 35 kDa and in some samples a lower molecular weight templates.
protein around 20 kDa (Fig. 6A) . The density of the To assess changes in protein expression, we performed 35-kDa band was 23610% higher in RV versus LV (P5 immunoblots on proteins isolated from tissues. Fig. 6 0.048) of control dogs (Fig. 6B ). CAVB reduced the shows that our KCNE1 antibody recognized a protein of expression of KCNE1 by 58614 and 70615% in LV and RV, respectively, and abolished the small inter-ventricular RT-PCR translated into inter-ventricular differences in difference (Fig. 6B) .
protein expression, we normalized the density of each Because CAVB-induced hypertrophy may induce immunoblot band from RV to its respective intensity in LV. changes in the cellular composition of the cardiac ventri- Fig. 7C shows that significantly more KCNQ1 protein was cles and reduce the relative contribution of KCNQ1 and present in the right ventricle. The RV/ LV density ratio of KCNE1 to the tissue protein pool, we compared the both 72-and 120-kDa bands was greater than 1 in sinus banding patterns from tissue and acutely dissociated rhythm dogs. In CAVB dogs, the RV/ LV ratio of the myocyte proteins. Fig. 6C shows that a similar reduction in 72-kDa band was slightly smaller but when the density of band intensity was observed in myocyte protein. The same the 120-and the 72-kDa were summed the difference was observations were made in three different batches of cells not significant. Thus, CAVB significantly reduced the interfrom the left ventricle with an average reduction of ventricular difference in protein and RNA distribution. A 47625%. In control experiments (Fig. 6D) , antibodies 72-kDa band is predicted based on the KCNQ1 protein pre-absorbed against the KCNE1 antigen failed to detect sequence. Fig. 7D shows that both the 72-and 120-kDa the strong 35-kDa band observed in control.
bands were recognized in the total protein preparation but In SR dogs, our KCNQ1 Ab recognized two bands of only the 120-kDa band was predominant in proteins |72 and |120 kDa. Fig. 7A shows that the intensity of isolated from the membrane fraction. Thus, the 120-kDA both bands was strongly reduced by CAVB. To quantitate band is linked to the cytoplasmic (mature) form of the the change in expression, we measured the density of each protein while the 72-kDa band is likely to be related to band from the RV and LV of CAVB dogs and normalized cytosolic proteins. To verify that both bands were linked to them to their respective values in SR dogs. Fig. 7B shows KCNQ1, we performed immunoblots using pre-absorbed that CAVB similarly reduced the density of the 72-and KCNQ1 antibodies. Fig. 7D (right panel) shows that the 120-kDa bands in LV and RV, respectively. When the intensity of both bands was strongly reduced when the intensity of both bands was averaged, protein expression KCNQ1 antibody was pre-absorbed against the control was reduced by 45610% (RV) and 60614% (LV).
antigen. A search for homologies in the NIH GenBank and To assess whether the RNA distribution observed with SWISS-PROT databases revealed that the epitope recog- nized by the polyclonal antibody (pAb) is specific to may be responsible for the inter-ventricular difference in KCNQ1. Our results show that the 72-and 120-kDa the expression of KCNQ1 and KCNE1 and that CAVB antigens contained the KCNQ1 specific epitope.
reduces the activity of this factor. We observed a disproportionate CAVB-induced downregulation in KCNQ1 mRNA (82-93%) when compared 4 . Discussion to protein levels (45-60%) and I current (50-55%). In Ks view of its proposed role as a chaperone protein [15, 16] , We show that chronic AV block induces a significant KCNE1 may play a determining role in the expression of reduction in the expression of KCNE1 and KCNQ1, the KCNQ1 at the level of the plasma membrane. This putative genes responsible for I . The reduction in hypothesis is supported by our observation of a proporKs KCNE1 and KCNQ1 proteins that we report is in close tional reduction of KCNE1 protein, mRNA and I and Ks agreement with the previous [13] demonstration of a 50 may explain the lack of correlation with the reduction of and 55% reduction in I density in the LV and RV of KCNQ1 mRNA in the CAVB dog.
Ks CAVB dogs. Our finding of a proportional reduction in the density of KCNQ1 mRNA was 300% more abundant in RV versus KCNQ1 membrane protein and cytosolic proteins, 120-LV. That inter-ventricular mRNA distribution was and 72-kDa bands, respectively (Fig. 7B,D) , also raise the abolished during CAVB. Thus, our data suggest that a interesting possibility that KCNE1 regulates the expression common transcriptional factor, possibly stabilizing mRNA, of KCNQ1 through a feedback mechanism coordinating the translation of KCNQ1 with the formation / recycling of reported (25-30 kDa). We attributed the discrepancy to the KCNQ1 / KCNE1 protein complex. Although the comtechnical differences. The MW of KCNE1 was strongly position of the 120-kDa band remains unclear, it is likely dependent on the gel temperature and density and the to be associated with a glycosylated protein complex protein standard used. The reduction of KCNQ1 and KCNE1 expression results hypertrophy [26] was also reported. But no significant in electrophysiology similar to the most severe form of changes in the density of the transient outward current LQTS in which I is drastically reduced due to dominant Ks I , the inward rectifier current I and the slow inward negative mutations in KCNQ1 or KCNE1 genes [30] [31] [32] [33] .
To1 K1
calcium current were observed in our model [13, 25] . Torsade de pointes (TdP) commonly develops in the Down-regulation of KCNE1 and KCNQ1 expression theresetting of LQTS due in part to an increased dispersion of fore contributes importantly to the electrical remodeling of repolarization across the ventricular wall and septum of the the ventricular myocardium following volume overload heart, which creates the substrate for reentry [2, 14, [34] [35] [36] . hypertrophy.
In the canine and human heart, M cells normally display Our results also provide insight into the molecular basis low levels of I . M cells have been identified as the main Recent evidence suggests that other ancillary sub-units dence of late repolarization on I and, as a consequence, Kr from the KCNE family may modulate KCNQ1 expression its sensitivity to Class III antiarrhythmic agents. [27, 28] . However the kinetics of currents described for KCNE2 / KCNQ1 or KCNE3 / KCNQ1 (in heterologous 4 .2. Limitations systems) differ from those normally present in dog cardiomyocytes. Moreover, our data strongly suggest that the The degree to which CAVB caused a reduction in association of KCNQ1 with KCNE1 is primarily respon-KCNQ1 and KCNE1 RNA was smaller when assessed sible for I and that CAVB-induced reduction of KCNE1 using Northern blot versus quantitative PCR assay. MoreKs and KCNQ1 expression is a sufficient, but not necessarily over, the differences in message between RV and LV in SR exclusive, mechanism to account for the reduction in I dogs were less apparent using the Northern blot assay. We Ks density. Recent evidence also indicated that KCNE1 may attribute this largely to the superior sensitivity and accurainteract with KCNH2 (HERG), the gene coding for the cy of the quantitative PCR versus Northern blot analysis, alpha sub-unit generating I [29] . Co-expression studies which relies on ratiometric measurements against an Kr however demonstrated a competitive interaction between endogenous 'housekeeping' gene RNA. These discrepan-KCNE1 and KCNE2 for co-assembly with HERG largely cies may also be due in part to differences in the origin of favoring KCNE2 [29] . This observation notwithstanding, it the tissues along the apico-basal axis of the ventricle. is possible that the reduction of KCNE1 demonstrated in A dominant negative N-terminal truncated KVLQT1 this study may also contribute to the marked reduction in isoform 2 lacking 129 amino acids is expressed in the I known to be associated with CAVB.
human heart [37] . In immunoblots, Demolombe et al. [37] Kr
We found a molecular weight between 28 and 35 kDa observed a small difference in the migration of the two for KCNE1, slightly higher than what was previously isoforms and associated part of the weaker I current Ks almokalant and d-sotalol using the dog as its own control. J Am Coll recorded in the left mid-myocardium to enhanced expres- 
